ABSTRACT: Geotextile-encased granular columns can be installed in soft soil with large diameters. They can penetrate large particle coarse fill and be constructed under deep water. The geotextile-encased granular column consists of geotextile and crushed stone. The geotextile can provide lateral restraint of crushed stone under a vertical load. This granular column can accelerate the consolidation of soft soil, increase bearing capacity, and reduce the deformation of the foundation. In this study, the geotextile-encased granular columns were used to strengthen soft foundations. Plate loading test was used to evaluate the reinforcement effect. The numerical software, PLAXIS, was used to simulate the composite foundation of geotextile-encased granular column. Numerical analysis of the foundation deformation characteristics are by changing the parameter of geotextile stiffness. This parameter can be optimized for better performance during design and construction.
INTRODUCTION
Crushed stone columns have been widely used for improvement of soft soil because of their simple construction, good strengthening effect, and low cost. The bearing capacity of the stone column mainly depends on the radial confining resistance of the surrounding soil. When the surrounding soil (e.g., silt or mucky soil) has a low strength (i.e., the undrained shear strength C u < 20kPa), it cannot provide sufficient lateral confinement, thus leading to the bulging of the column in the upper part. As a result, the column cannot achieve the desired bearing capacity and deformation [1] [2] .
To provide additional confinement to the column, woven geotextile can be used to encase the column. In this technology, a hole is drilled and a geotextile encasement is lowered into the hole, and then it is backfilled with crushed stone. The geotextile encasement can restrain the lateral deformation of the column under the application of a load. The geotextile can prevent granular particles from penetrating into the surrounding soil and maintain the friction characteristics and drainage paths of the column. Therefore, the column can increase bearing capacity, and reduce settlement of the foundation [3] [4] .
In this study, field tests were carried out to reinforce the mucky soft soil foundation by the large diameter geotextile-encased stone columns. Plate loading tests were conducted to evaluate the reinforcement effect of the geotextile-encased stone column. The PLAXIS software was used to develop finite element models to analyze the factors which influence the mechanical properties of geotextile-encased stone column. These parameters can be optimized for better performance during, and provide the basis and reference for design and construction.
FIELD TEST

Site conditions
The field test site was located in the area that was originally sea and then backfilled with gravel. The reclaimed site was relatively flat with good drainage after dynamic compaction at the energy of 3000 kN.m. A flowable silty clay layer was widely distributed under the fill layer.
The selected test area had a thick silty clay layer. The geotechnical profile of the test area is shown in Fig.1 . The properties of the soil layers are shown in Table 1 . Column design and layout The procedure to install geotextile-encased stone columns is as follows: pushing a steel tube into the ground to form a hole and placing a geotextile encasement inside the hole, and backfilling crushed stone into geotextile encasement. The thickness of each layer filler isn't more than 2.0m. The crushed stone was compacted by vibration to a dense state and then the steel tube was pulled out.
The test site included three test areas and nine geotextile-encased stone columns, which are divided into three groups. Conventional stone columns without geotextile and geotextile-encased stone columns were tested in this study. Figure 2 shows the test area layout. Table 2 includes the parameters of the test columns. Table 3 lists the parameters of geotextile encasement. Table 4 provides the properties of crushed stone. Table 4 . Properties of crushed stone.
Maximum particle diameter（mm）
Natural unit weight （kN/m 3 ）
Specific gravity porosity （%）
Non-uniformity coefficient 60 20 2.73 21.5 0.8
Single column plate load tests
Plate loading tests were conducted on three columns: 1-3, 2-1, 3-3 columns, to obtain the pressure-settlement (p-S) curves and their ultimate bearing capacities.
A slow maintenance load method was used for the plate loading tests. The pressure was measured by a pressure sensor. In addition, four displacement transducers were used to measure the settlement of the column. Figure 3 shows the p-S curves of these three columns and the test results are summarized in Table 5 .
It was found that the crushed stone within the upper 3 m of the column was loose. Due to this fact, the plate loading tests could not determine the ultimate bearing capacity of the column accurately. Therefore, the test area consisting of columns (1-3, 2-1, 3-3) were treated with dynamic compaction at the energy of 3000 kN.m, with six drops. Plate loading tests after dynamic compaction were carried out again. The p-S curves before and after dynamic compaction are shown in Fig. 3 . 
(a) Before dynamic compaction (b) After dynamic compaction Figure 3 . p ~ S curves of the plate load tests. Fig. 3 (a) shows the p ~ S curves that vary gradually and do not have any obvious proportional limits. The average settlement in Test area 1 was 11 mm larger than that in Test area 2 under the same load when the applied pressure was lower than 400 kPa. The differential settlement between the test areas increased significantly with the increase of the applied pressure when the pressure was higher than 400 kPa. Table 5 shows that the characteristic value of column bearing capacity in Test area 2 is 341 kPa, increasing by about 2.4 times than the Test area 1. It is shown that the lateral confinement provided by the geotextile encasement improved the bearing capacity of the column, and the effect of the geotextile encasement on limiting the lateral intrusion of gravel particles became more obvious with the increase of the pressure.
Analysis of test results
The p ~ S curves of Test area 2 and Test area 3 are similar when the applied pressure was lower than 300 kPa. The settlement in Test area 3 was larger than that in Test area 2 when the pressure was higher than 300 kPa, and the differential settlement increased with the increase of the pressure. The restraint effect of geotextile-encased is weakened when the diameter of the column is larger (i.e., when the diameter was1.2 m) and the crushed stone mainly bears the compressive load. Table 5 shows that when the diameter of column increased from 1.0 m to 1.2 m, the characteristic value of column bearing capacity reduced by 226 kPa, which instruct that the reinforced effect in Test area 2 (the diameter was1.0m) is better than that in Test area 3 (the diameter was 1.2m). The crushed stone become playing a major role when the diameter of the column increase from 1.0 m to 1.2 m. Fig.3 (b) shows that the settlement was obviously reduced under the same load after dynamic compaction. The p-S curve does not show a steep plunging portion even when the pressure was 3800 kPa. According to the conditions of stop loading in code [5] (JGJ79): the settlement of pile is greater than five times of previous level load, and the total settlement of pile is more than 40 mm; When p-S curve show slow type, it can be loaded until the total settlement of pile is 60 mm ~ 80 mm. Take the pressure of 2955 kPa as the ultimate bearing capacity of the column in Test section 3 when total settlement of the column head S was 40 mm. The allowable bearing capacity of the single column was taken as half of the ultimate bearing capacity (i.e., 1477.5 kPa). The characteristic value of column bearing capacity after dynamic compaction increase by 2.5 times than before dynamic compaction. It is shown that the degree of density in 2 ~ 3 D depth (D is the diameter of column) has an important effect on bearing capacity of the single column, and the bearing capacity of the single column increase with the increase of degree of density in 2 ~ 3 D depth.
NUMERICAL ANALYSIS
Finite element model
In order to analyze the influence of geotextile stiffness on the deformation characteristics of composite foundations, a composite foundation model of stone columns encased with geotextile was built by PLAXIS as shown in Fig.4 . This numerical model included the actual soil layers in the project, such as fill, silt, and mantle rock. All the soil layers were modeled using the Mohr-Coulomb model while the stone column was modeled using the elastic model. The top of the model was loaded uniformly. Set the vertical constraint at the bottom and the horizontal constraint at both sides. Geogrid element was used to simulate the geotextile. 
Comparison between the calculated and measured p~ S curves
In order to verify the model, loaded on the top of the model uniformly. The top displacement of the model under each level load was recorded to make p-S curve. Compared the p-S curve with the p-S curve of plate load test (Fig. 5) . Fig .5 shows that the calculated p-S curve accord with the measured p-S curves before dynamic compaction, indicating that the numerical model can simulate the mechanical characteristic of Geotextile-encased Granular Column.
Influence of geotextile stiffness
In this parametric study, only the geotextile stiffness was changed from J=0, 500, 1000, to 2000 kN/m and all other parameters were kept the same. The stresses and deformations of the single column composite foundation were obtained and will be discussed below.
Influence of Geo-textile stiffness on settlement
Fig . 6 shows the settlement contours of single column composite foundations under different tensile stiffness. Fig. 7 shows the p ~ S curves of the single column composite foundations obtained by the numerical method. 6 shows that the maximum settlement of the composite foundation was 110 mm when the pressure was 100 kPa without any geotextile. The maximum settlement of the composite foundation was 80 mm when a geotextile with the stiffness of J=500 kN/m was used, which was 27% smaller than that without any geotextile. The maximum settlement of the composite foundation was 64 mm when the geotextile with the stiffness of J=1000 kN/m was used, which was 41.8% smaller than that without any geo-textile. These comparisons show that the geotextile encasement around the columns reduced the settlement of the composite foundation effectively, and the effect of the geotextile encasement became more obviously with the increase of geotextile stiffness.
In Fig. 7 , as the bearing capacities of the single column composite foundations can be estimated at the settlement of 40 mm [5] , the bearing capacity of the foundation with the geotextile stiffness of J=2000 kN/m was about 1.8 times that the foundation without any geotextile. This result shows that the geotextile encasement increased the bearing capacity of stone columns obviously, and the settlement was controlled effectively.
Influence of geotextile stiffness on radial deformation
In the numerical analysis, the radial deformations at the interface of the column with different depths were recorded to study the effect of different geotextile stiffness on the radial deformations as shown in Fig.8 . Fig. 8 shows that the radial deformations of columns increased with the increase of the applied pressure. The maximum radial deformation of the column without any geotextile increased from 6.45 to 8.21 mm when the pressure increased from 100 to 200 kPa, and the increase of the radial deformation was 21.4%. The maximum radial deformation of the column with the geotextile (J=500 kN/m) increased from 5.1 to 6.1 mm, and the increase of the radial deformation was 16.4%. This comparison shows that the geotextile reduced the radial deformation of the column effectively, i.e., reducing the bulging of the column to increase the bearing capacity of the column. Besides, the effect on controlling the bulging deformation of the column became more obviously with the increase of the geotextile stiffness. Taking into account an economic design, at the design pressure of about 200 kPa, the choice of geotextile stiffness J = 500kN/m can reduce the radial deformation of columns significantly. Fig. 8 shows that the radial deformations of the columns with geotextile were mainly concentrated within the upper portion of the columns, and the depth of the maximum radial deformations was about 2 times the column diameter from the top of the columns. The radial deformations decreased gradually and converged beyond this depth. Under a vertical load, the upper portion of the column would expand laterally to induce larger radial restraint, which would cause the failure of the surrounding soil and then the column itself. The geotextile provided an additional constraint for the column and reduced the bulging deformation of the column [6] [7] [8] . The geotextile encasement forced the bulging area to develop in the deeper soil layer and improved the bearing capacity of the column.
CONCLUSIONS
This paper reports the field tests and numerical analysis of geotextile-encased stone columns in soft soils. The following conclusions can be made from this study:
(1) Geotextile-encased stone columns and dynamic compaction were used in the field study to improve muddy silty clay. The results of field plate loading tests showed that the allowable bearing capacity of the single column was 1477.5 kPa, and the bearing capacity of the composite foundation with the geotextile-encased stone column was about 1.8 times higher than that without any geotextile. The restraint effect of geotextile-encased is weakened when the diameter of the column is larger (i.e., when the diameter was1.2m) and the crushed stone play a major role.
(2) The geotextile reduced the settlement of the foundation with the single column effectively, and the effect of the settlement reduction became more obviously with the increase of the geotextile stiffness. When the design load is about 200 kPa, the choice of geo-textile stiffness J = 500 kN/m can reduce the radial deformation of the column significantly to achieve better economic value.
(3) The radial deformation of the column with geotextile encasement was mainly concentrated within the upper portion of the column, and the depth of the maximum radial deformation was about 2 times the column diameter from the top of the column. The Geotextile provided a certain constraint for the column and reduced the bulging deformation of the single column.
